INTRODUCTION
The present study proposes a new smoke control system named Passive Safety System for Underground Station Buildings. In this system, screen doors are installed on the platform in order to separate the inside of the station building from the tunnel, as well as to aid the air current control in the station building. Under these conditions, the air is discharged through solar chimneys. In addition, water mist is sprayed above the staircase entrances in order to cool the ambient air, which generates a descending air current in the staircases. The air current is then maintained in the direction of "outside air → staircase → concourse and platform → solar chimney → outside air". This system solves the problem of operation reliability and contributes to energy conservation by making use of a natural ventilation system, which reduces the air-conditioning load in summer, and secures sufficient performance for evacuation safety as a smoke control system in case of a fire ( Figure 1 ). In adopting this system for an underground station building, it is necessary to check the boundary conditions in the building in order to ensure effective system operation. More specifically, it is necessary to explore the effects of hanging walls and chimneys for the effective prevention of smoke inflow into the staircase. In the present study, a 1/20 scale model of an actual station building was made, and a series of experiments were conducted in order to understand the conditions for preventing the smoke in the area affected by the fire from spreading to the staircase.
In addition, upon formulating the nature of smoke propagation under the ceiling, as well as the flow of the smoke after its front has reached the hanging wall, immediately after the ignition, the parameters of the smoke insulation will be derived on the basis of computing each of these smoke flow models. 
FORMULATION OF SMOKE BEHAVIOR IN THE EARLY PHASE OF A FIRE
One of the purposes of the present study is to investigate the conditions for restricting the smoke propagation during a fire. Prior to presenting the investigation, this section formulates the smoke propagation behavior during the early phase of a fire, as well as the smoke behavior near a hanging wall after the smoke front has reached the wall.
Formulation of Smoke Propagation Behavior under the Ceiling
The nature of smoke propagation under the ceiling during a fire is defined in this section.
In Reference [1], Turner has provided a theoretical discussion regarding the behavior of high-density fluids in the case where a high-density fluid penetrates the bottom layer of a low-density fluid, by making use of hydraulic methods. In the present research, we use the relation between the propagation speed u and the layer thickness h, as described in Reference [1], for estimating the propagation speed of the smoke front.
Matsushita et al. have proposed a prediction relation for the smoke front propagation speed within a horizontally long space, and have compared the computational results with the experimental ones. Reference [2] considers the case where constant-temperature smoke inflows from the upper part of a horizontally long compartment, and therefore it is not applicable in the case of non-stationary fire sources. As a result, it cannot be used in its original form. Furthermore, although it is assumed in Reference [2] that the propagation speed of the smoke front has a heightwise distribution, this concept is not used in the present research since it differs from the view of Turner, who assumes a constant speed for the vertical influx layer. However, it is considered that the change of the smoke temperature due to the transfer of heat from the smoke layer to the wall, as well as the calculational methods regarding each time step, can also be applied in the present section without any modifications.
The present section attempts to improve the model proposed by Matsushita et al. in order to be able to predict the smoke propagation in case of a fire within a horizontally long space (The propagation speed of the smoke front is estimated using the equation derived by Turner).
The smoke propagation model is based on the following assumptions:
1) The density of the smoke layer is uniform at each time step, and the layer thickness is uniform between the smoke front and its main part.
2) The propagation speed u s1 of the smoke layer is uniform in vertical direction.
Additionally, the relation between u s1 and the hydrostatic pressure difference at the phase boundary between the layer of smoke and the layer of air can be expressed as Equation 1 by using the proportion constant C 1 . In the present research, the propagation speed of the front can be estimated from the thickness of the smoke layer and its temperature, by taking the internal Froude number ( ) at the front of the smoke layer as constant. C 1 has been chosen such that the experimental results for the propagation speed of the smoke front match the computational results. 
The temperature variations of the wall adjacent to the smoke layer have been considered in the calculations. By dividing the inside of the wall as shown in Figure 2 and setting the temperatures of the laboratory and the smoke layer as the boundary conditions, the temperature at the center of each compartment at each time step was computed based on the unsteady heat conduction calculation (Equation 5 ). The temperature of each compartment is considered to be equal to the temperature of the center point of the respective compartment. Furthermore, by taking the convection heat transfer from the smoke layer to the wall as equal to the heat transfer within the domain of thickness 2Δx locked within distance Δx from the wall surface in the direction of both the smoke and the inside of the wall, and regarded comprising a wall, the temperature of the wall surface is computed from Equations 6 and 7. The calculation of the smoke behavior is compared with the experimental values in Section 3. Hence, the conditions shown in Figure 3 were set as the initial conditions for the calculation.
Regarding the smoke propagation model proposed in this paper, although there is no significant difference in the calculated values of the temperature, the thickness and the propagation speed of the smoke layer even in the case where the smoke layer thickness has been given a value which is different from the initially set value h s0 , it is desirable for the values to be as realistic as possible. The initial value for the thickness of the smoke layer in the present research has been taken as the computational output after performing a steady calculation with regard to the area illustrated in Figure 4 . Although this calculation does not take into account the heat transfer from the smoke to the wall, it is possible to set the distance between the central axis of the fire source and the fire front (i.e., the length of the area corresponding to this calculation) to an arbitrary value. 
Calculation of Heat and Mass Inflow from the Plume into the Smoke Layer
The four types of fire sources shown in Table 1 were used for the model experiments in the next section. However, since the heat release rate set for each fire source is not attained immediately after ignition, and regarding the fact that the fire sources become unsteady, the behaviour of the plume based on the heat release rate could not be used for the calculations as set. By using cone calorimeter equipment (ISO 5660), the heat release rate of each fire source was measured based on the oxygen consumption method ( Figure 6 ). The experiment was repeated several times for each fire source setup. Since the measured values approximately matched, Figure 6 shows their mean values.
Table 1 Experimental conditions Figure 6 Time series variation of H.R.R.
The heat and mass inflow from the plume into the smoke layer were calculated by using the average measurement of the heat release rate based on the following assumptions:
3) Air inflow from the sides is not limited since the experimental model is 750 mm in width (F.S. 15 m), which is sufficiently large for the fire source. In addition, the combustion behavior (the flame and plume behavior and the height of the virtual thermal point source) in the free space is applicable without considering the influence of the ceiling.
4) Approximately half of the mass and the heat inflow from the plume into the smoke layer ( ) is attributed to the smoke layer on the side of the staircase.
In performing the computation of the smoke propagation model described in section 2.1, the height z' from the virtual thermal point source to the lower edge of the smoke layer has been calculated for each time step by utilizing Equation 8. Furthermore, the outputs and for the height z' were computed and were used as input for the calculations.
Formulation of Smoke Behavior after the Smoke Front Reaches the Hanging Wall
This section formulates the smoke behavior after the smoke reaches the hanging wall.
In this model, the area of the smoke layer at the time when the smoke front reaches the hanging wall is defined as the upper part of the smoke layer, while the smoke layer flowing below the upper part of the smoke layer after reaching the hanging wall is defined as the lower part of the smoke layer.
The following assumptions are added to assumptions 1) to 4) in the previous sections: 5) After the smoke front has reached the hanging wall, the thickness of the upper part of the smoke layer does not vary.
6) After the front of the lower smoke layer has returned to the location of the fire source, the lower smoke layer interleaves the fire source and outflows to the opposite side of the space at a rate of M out (kg/s), as shown in Equation 9 (Figure 7 ).
Since passive safety systems comprise large-section solar chimneys (connected to the outside of the building) in the space opposite the staircase from the point of view of the fire source, it is assumed that the smoke on the side of the chimney does not descend at a time of fire. For this reason, Equation 9 cannot be utilized in cases where the smoke descends due to the inability of the chimney to exhaust the smoke (however, such cases were not observed during the experiments described in the next section).
7) After the front of the lower layer of smoke has returned to the location of the fire source, since the plume pulls a part of the lower layer of smoke, which has higher temperature than the surrounding air, the temperature inside the plume at the level of the lower edge of the upper layer of smoke becomes higher than the temperature inside the plume in the ambient air. Then, the temperature increase at the central axis of the plume is calculated by using the prediction relation Figure 12 shows the cross section of a 1/20 scale model of an actual station building, the size of which is 200L×15W×10H m 3 . The location of the fire source, the diameter D of the fire source, the heat release rate Q (see Table 1 and Figure 6 ), the height H' of the hanging wall, the aisle width W' below the hanging wall , and the temperature rise ΔT c of the electric heaters in the chimney were set as parameters ( Table 2) . As a result, the number of experiments was large. Figure 11 shows the experimental results for the propagation of the smoke front and the calculation results for the smoke propagation model when the fire sources given in Table 3 were used under the conditions of ΔTc = 0 (K) and fire source location b). The plot colors indicate the propagation directions of the smoke front within a single experiment (gray: toward the staircase, white: toward the chimney), and the plot types indicate the results under the same experimental conditions. C 1 in Equation 1 was calculated for all fire source parameters by using the least squares method.
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Experimental Results and Discussion
Figure 11 Transition of smoke front position (left axis) and smoke layer thickness (right axis)
The experimentally obtained constant C 1 severely deviates from the interval provided in Reference [1] ( ) in the case of fire source No.2 ( Figure 11(b) ). It is considered that this deviation is caused by the large differences in the input values for the mass and heat inflowing from the plume into the smoke layer, which originate from the fact that in the case of fire source No. 2, the gas flow rate corresponding to the burner becomes extremely small, which disturbs the shape of the flame and the plume. 
It is considered that can be expressed as follows (16) It is considered that the following equation gives the ratio of the velocity of the entraining air and the velocity of the smoke which flows down from the upper smoke layer to the lower smoke layer, which is regarded as being inversely proportional to the Richardson number ( ), which in turn can be expressed by using the temperature of the upper smoke layer and the thickness of the lower smoke layer. Here, takes two values, namely 0.50 and 0.75.
In the case where the inflow of air into the lower layer of smoke is considered, there is a very good match between the calculated value of the thickness of the smoke layer and When the hanging wall height H' is smaller than the thickness H s of the smoke layer, it is necessary to form an air current by using a chimney for the purpose of restricting the propagation of the smoke. Considering that the balance of the air current force and the smoke propagation force determines the limitation of the smoke propagation,
we calculated the air current velocity below the hanging wall u air which is necessary to restrict the propagation of the smoke (Figure 15 ).
Since the air current grows after the smoke inflows into the chimney and assists in preventing the propagation of the smoke, u air was calculated up to the time when the smoke flowed into the chimney and the smoke front of the lower part came back to the location of the fire source. In the experiments, smoke inflow into the staircase was not observed even several minutes after ignition.
Air current velocity under the hanging wall which prevents the smoke from flowing into the staircase was calculated from . and the existence of pre-ignition air current, the calculated air current velocity necessary for the restriction of the smoke propagation is larger than the experimentally derived value, which is possibly attributable to the fact that the smoke front reached the chimney before reaching the hanging wall, and a strong air current may have been generated as a result (this process is not considered in the calculation). The calculated boundaries show different tendencies before and after 100mm height of the hanging wall, owing to the temperature difference between the upper and lower parts of the smoke layer. 
